Background/Aims: Acute ischemic stroke is caused by stenosis of artery supplying to brain. We aimed to detect some metabolites in the serum that would be related to the degree of artery stenosis and to analyze potential mechanisms. Methods: Patients diagnosed with acute ischemic stroke were divided into two groups according to their degree of artery stenosis (which was determined by computed tomographic angiography): a mild group (stenosis ≤ 30%) and a severe group (stenosis > 30%). Serum from these patients was collected, and we focused on the differences in the concentrations of calcium, uric acid, low density lipoprotein and homocysteine. The dataset GSE11583 from the Gene Expression Omnibus database was analyzed to find the potential mechanism using bioinformatics methods. Results: Among the four metabolites, the only difference that reached significance between the two groups was in the concentration of calcium in serum (2.27±0.08 mmol/L vs 2.21±0.08 mmol/L). By comparing the gene expression levels between normal endothelial cells and adaptive remodeling endothelial cells in GSE11583, we identified 51 upregulated and 40 downregulated genes in adaptive remodeling endothelial cells. The gene set enrichment analysis revealed that upregulated genes were enriched in a phosphatidylinositol signaling system, which is closely involved in the calcium signaling pathway. Conclusion: Our results suggest that the concentration of serum calcium is higher in patients with more severe artery stenosis lesions and that the phosphatidylinositol signaling system is a key biological pathway involved in this process.
Introduction
Acute ischemic stroke is one of the leading causes of long-term disability and death. The advent of thrombolytic therapy for acute ischemic stroke led to the standard therapies that are available now [1] . However, thrombolytic agents must be administered within 3-6 h of symptom occurrence. Therefore, less than 10% of stroke patients can get to a hospital in the narrow therapeutic time-window after symptom onset for acute intervention [2] . For those Cellular Physiology and Biochemistry
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patients who failed to receive thrombolytic therapy, blood flow could reach the ischemic area through other blood vessels, which is called collateral circulation when the cerebral blood supply decreases due to artery stenosis or occlusion. Many studies have revealed that status of collateral circulation is related to infarction volume, risk of stroke recurrence, and prognosis [3, 4] . Overall, the existence of effective cerebral collateral circulation can supply the territories with occluded arteries, which will result in less infraction volume and a smaller size of the ischemic penumbra. Therefore, previous studies focused on direct visualization of collateral circulation, including conventional angiography [5, 6] , magnetic resonance angiography [7, 8] , transcranial Doppler (TCD) [9, 10] , and computer tomography angiography (CTA) [11] . Abnormal hemodynamic parameters have been detected in collateral circulation after acute ischemic stroke using TCD [12] . Nevertheless, few studies have focused on the effects of turbulent collateral blood flow on endothelial cells. Considering the important role of hemodynamic shear stress in the physiological and pathological vascular functions through endothelial mechano-activation [13, 14] , we aimed to conduct a study of the effects of turbulent collateral blood flow on the endothelial cells after acute ischemic stroke from the perspective of metabolism.
In this study, we divided patients with acute ischemic stroke into two groups according their degree of artery stenosis as determined by CTA. The concentrations of calcium, uric acid, low density lipoprotein and homocysteine in serum between the two groups were compared. To reveal the potential underlying mechanism, we analyzed the dataset GSE11583 from the Gene Expression Omnibus (GEO) database using bioinformatics methods.
Materials and Methods

Patients and Samples
We retrospectively screened acute ischemic stroke patients at the Department of Neurology of Shanghai Tenth People's Hospital at Tongji University between January 2015 and December 2016. The study received ethical approval from the Ethics Committee. The selection criteria were as follows:
Inclusion 5. Chronic liver disease or alanine aminotransferase 1.5 times higher than the normal value. 6. Chronic kidney disease or serum creatinine 1.5 times higher than the normal value. 7. Poorly controlled diabetes. According to the inclusion and exclusion criteria, eligible subjects' basic information and medical history, such as the results of CTA and blood sample tests, were collected.
Imaging
Within 48 hours after the onset of acute ischemic stroke, patients were subjected to receive CTA examination. The patients were given a single bolus IV contrast injection of 50 mL nonionic contrast media into their antecubital vein. CT scans were obtained at a 1.3-mm slice thickness with a 1-mm interval. Then, 2D images were reconstructed to get 3D images. The degree of stenosis was defined as the narrowest vessel diameter divided by a normal adjacent diameter of the vessel [15] . Stenosis less than 30% was considered mild, while stenosis greater than 30% was considered to be severe [16] . Two blinded and specially trained raters, who were not aware of the patients' clinical condition, performed the patient classification independently using the relevant images from CTA. If there was a discrepancy between the two raters, reevaluation was conducted and joint decision was made.
Microarray Analysis
The gene expression profile of GSE11583 was downloaded from the GEO database (http://www.ncbi. nlm.nih.gov/geo), which was based on the GPL2986 platform of the ABI Human Genome Survey Microarray Version 2. This expression profiling of array-detected differences in endothelial cell gene expression was regulated by collateral flow (normal group vs remodeling group) [17] .
Data preprocessing, such as normalization and log2 transformation of the values, was performed using the limma package from Bioconductor in R. Probe-level data with a missing value or a value less than 1 were discarded. Furthermore, the probe-level data were converted to gene expression values. When several probes corresponded to one gene symbol, the maximal value of the probe-level data represented the gene expression value. Quartile data normalization was performed before discovering differentially expressed genes (DEGs). Principal component analysis (PCA) was used to determine expression profiling of the samples. A t-test analysis was used to identify DEGs between the two groups. Then, the log2 fold-change was calculated. The raw P-values were adjusted into a false discovery rate (FDR) using the Benjamin and Hochberg method [18] , which avoided too many false positive results due to the multi-test problem. Then FDR <0.05 and |log 2 Fold Change (FC) |>1 were used as the cut-off criteria to identify the ultimate DEGs. A cluster analysis was used to group the samples into clusters according to DEGs.
To analyze pathway enrichment of DEGs, Gene set enrichment analysis (GSEA) was performed on upregulated and downregulated genes using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [19] . Only gene sets with an enrichment P value <0.05 and FDR <0.25 were considered to be significantly enriched. To explore hub genes, protein-protein interaction (PPI) networks were constructed. Given that most of the networks were scale-free, the hub genes with high degrees were selected [20] .
Statistical analysis SPSS software version 22.0 was used for statistical analysis. Continuous variables were presented as the mean ± SD, and Student's t-test was used to assess the significance of differences between the two groups. A Chi-square test was performed to test for differences between categorical variables, such as the male/female ratio and stenosis site. A P < 0.05 was considered to be statistically significant.
Results
Classification by CTA
From January 2015 to December 2016, 175 patients were enrolled in the study, including 133 males and 42 females. According to CTA criteria, those patients were divided into a mild group (n=98) and a severe group (n=77). Basic demographic factors and clinical characteristics are shown in Table 1 . There was no significant differences in age, male/ female ratio and stenosis site between the two groups.
Serum analysis
The data are shown in Fig. 1 
Microarray data processing
Since probe-level data with missing values or less than 1 were discarded and the maximal value of the multiple probelevel data representing the same gene was adopted, 6417 genes were included in analysis overall. After quartile data normalization, the medians were on a straight line, which indicated that the raw data were normalized successfully ( Fig.  2A) . PCA showed the expression profiling was different between the normal group and the remodeling group (Fig. 2B) .
Identification of DEGs and cluster analysis
The DEGs, including the upregulated and downregulated genes, were identified from the normal group and the remodeling group with FDR <0.05 and |log 2 FC|>1. As a result, a total of 91 DEGs were obtained after data processing. Compared to the normal group, there were 51 upregulated genes and 40 downregulated genes in the remodeling group (see Table. 2).
The clustering of DEGs showed that the signature of the normal group resembled each other rather than one of the remodeling group signatures and vice versa (Fig. 3 ). There were clear differences between the normal group and the remodeling group according to their gene expression profiles. 
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Identification of diseases related to DEGs
To confirm whether this dataset was suitable for analyzing stroke, we performed disease enrichment analysis based on DEGs using STRINGdb package in R. The upregulated genes were significantly related to cardiovascular system disease, artery disease and vascular disease. The downregulated genes were significantly related to vascular disease, atherosclerosis and arteriosclerotic cardiovascular disease (Table. 3).
Pathway enrichment analysis
To inspect the biological pathways associated with DEGs, we employed the GSEA method. The upregulated genes were only linked to the phosphatidylinositol signaling system (Table. 4 ). On the other hand, the downregulated genes were significantly associated with the cell cycle, DNA replication and cytokine-cytokine receptor interaction (Table. 4 ).
PPI network and hub genes
Within a PPI network, each node indicated a gene, while the edges represented for the interactions between nodes. The degree represents the number of edges linked to a given node. Thus, nodes with a high degree (n≥8) were defined as hub genes that assumed important biological functions. A total of 3 hub genes were selected from the upregulated PPI network, which were KLF2, NFKBIA and TIMP3 with connectivity degrees of eight (Fig. 4A) . Meanwhile, 9 hub genes were identified from the downregulated PPI network (Fig. 4B) .
Discussion
The association between stroke and serum uric acid has been widely studied. For example, patients with uric acid concentrations in the highest quintile were associated with cardioembolic stroke [21] . A meta-analysis indicated that the serum uric acid level had a protective effect on neurological outcomes after acute ischemic stroke [22] . Further study showed elevated serum uric acid was positively associated with a better prognosis in men, but not in women [23] .
In the present study, we did not find an association between the degree of artery stenosis and uric acid.
Epidemiological studies have identified a close relationship between acute ischemic PCA showed a normal group and remodeling group were clearly set apart from each other. N1-N3: samples from the normal group; R1-R3: samples from the remodeling group. [24] . In our study, compared to the normal group, the severe group had a tendency to contain higher levels of low density lipoprotein but the differences in those levels were not significant.
An elevated serum homocysteine level is an established risk factor for acute ischemic stroke. In Chinese people, hyperhomocysteinemia is an independent risk factor for the degree of carotid artery atherosclerosis [25] . A segment-specific study confirmed a positive effect of elevated homocysteine on the intima-media thickness at the internal carotid artery rather than the common carotid artery [26] . Unfortunately, our results did not suggest there was an association between the degree of artery stenosis and homocysteine.
Numerous studies have focused on the serum levels of calcium after acute ischemic stroke. However, the pathophysiological role played by calcium is still largely unknown. Two recent studies had conflicted conclusions. Chung JW et al. reported poorer short-term outcomes and greater risks of long-term mortality with elevated serum calcium levels after acute ischemic stroke [27] . In contrast, calcium supplementation for acute ischemic stroke had potential benefits [28] . Admittedly, stroke is a complex pathophysiological process that leads to neuronal cell death or apoptosis through imbalance of ion homeostasis, acidosis, free radical-mediated lipid oxidation, and other processes. All of these changes result in fluctuation of serum calcium levels. It is difficult to confirm the major source of calcium alternation after acute ischemic stroke. In this study, we tried to solve the problem using endothelial cells under turbulent collateral blood flow.
The residual blood flow velocity was decreased near the occlusion location [29] . In addition to intrinsic basilar artery stenosis, high-grade stenosis of the internal carotid 
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Cellular Physiology and Biochemistry artery or vertebral artery can greatly contribute to induce an elevated blood flow velocity in the basilar artery [12] . The altered local hemodynamic changes produced vessel shear stress that acted on endothelial cells, which will regulate the gene expression of endothelial cells. The disease enrichment analysis based on DEGs showed these DEGs were related to vascular diseases, especially atherosclerosis. Therefore, the dataset GSE11583 provided a framework to better understand the remodeling of endothelial cells after acute ischemic stroke [17] . Pathway enrichment analysis indicated that upregulated genes were only significantly linked with the phosphatidylinositol signaling system. This signaling system functioned as a second messenger system for a variety of extracellular signals. According to the KEGG database, one of the downstream targets of the phosphatidylinositol signaling system is Protein kinase C (PKC) and the calcium signaling pathway. PKC could inhibit the Ca 2+ influx through voltagesensitive Ca 2+ channels [30] . This inhibition may be a partial reason for the phenomenon in which the serum level of calcium was higher in patients with more severe artery stenosis lesions. Indeed, the phosphatidylinositol signaling system mediated inflammatory signaling during atherogenesis [31] .
Among the upregulated hub genes, endothelial KLF2, which is a member of the zinc finger family of transcription factors, is a key regulator of the blood brain barrier function and a neuroprotective factor in ischemic stroke [32] . Additionally, endothelial KLF2 has been shown to control smooth muscle migration [17] . NFKBIA inhibited NF-κB/REL complexes, which are involved in inflammatory responses. It was reported that attenuation of activation of NF-κB/p65 prevented apoptosis caused by transient focal ischemia in neurons [33] . Very high wall shear stress on endothelial cells upregulated TIMP3 [34] . Polymorphisms in TIMP3 showed a significant trend test for linearity with increasing copy number and increased intima-media thickness of the internal carotid artery bulb [35] . In our study, these genes were upregulated in the severe group, which agreed with the results of previous studies. These upregulated genes could be the cause or the result of abnormal hemodynamic blood flow after acute ischemic stroke, which needed further research.
The main limitation of our study was that the difference in the concentration of calcium in serum between the two groups was very small, even though there was a significant difference. In addition, we did not consider the potential impact of factors other than stroke on serum calcium level in our analysis. Higher serum calcium level may be the result of confounding factors. Therefore, to better understand the pathophysiological changes in endothelial cells after acute ischemic stroke, a metabolomics study needs to be conducted in future research.
Conclusion
Our study showed that the serum level of calcium is higher in patients with a more severe artery stenosis lesion, and the phosphatidylinositol signaling system plays an important role in this process. Some hub genes identified from the perspective of endothelial cells under turbulent blood flow provide not only insights into the pathophysiological properties of acute ischemic stroke but also a clue and direction for the prevention and treatment of atherosclerosis in carotid arteries. 
